he discrepancy between successful experimental studies of cartilage repair and the clinical results is unexplained. We have evaluated the effect of metabolic alterations in joint homeostasis owing to an articular defect on the outcome of cartilage repair using tissue engineering methods. We used 21 adolescent Dutch goats divided into three groups. The control knees were left untreated while the contralateral knee was randomised to receive either no treatment (N), early treatment (E) or late treatment (L). The metabolism of proteoglycans in the surrounding joint surface was determined and correlated with the O'Driscoll score used to quantify the histological aspect of the repair of the defect.
The incidence of cartilage lesions, the lack of adequate healing and subsequent indications for surgical intervention have been described by various authors. [1] [2] [3] [4] Durable restoration of damaged articular cartilage is a valuable but as yet unachieved goal. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The need for cartilage repair and the use of tissue-engineering strategies for the restoration of a defect of the articular cartilage have been well established. With regard to the latter, various strategies for the repair of tissue-engineered cartilage have been conceived and established by extensive basic scientific investigations in vitro, experimental studies in vivo and an increasing number of short-to mid-term clinical outcome studies. 1, 5, 12, 13, [15] [16] [17] [18] Review of the literature suggests, however, that there is an obvious discrepancy between the favourable outcome demonstrated in preclinical research and that in clinical practice in which the results have not yet been reproduced. Only a few examples of reliable long-term clinical results are available and the initial results which sparked enthusiasm in the field are significantly less favourable at long-term followup. 15, 19, 20 Most of the good, basic scientific results originate from an optimally-controlled laboratory environment or animal experimental work with normal joints in which a fresh cartilage defect has been treated by tissue engineering. Studies in vivo with only a periosteal/perichondrial flap or with cultured chondrocytes under a periosteal or collagen cover demonstrate restoration of the articular surface with histological and biochemical analyses indicating the presence of regeneration tissue in the defects resembling hyaline cartilage. In the clinical setting more disappointing results are seen. There is a tendency for incomplete bonding between the tissue-engineered construct and the wall of the original defect. Surface restoration is only partial. The periosteal flap may undergo hypertrophy and calcification of the outer surface. 18 Eventually, the new matrix shows loss of normal metabolic activity. It is therefore possible that factors in the environment surrounding the defect cause the discrepancy between the results. Concept of joint homeostasis. An articulating joint has a complex design with many essential components and a multitude of interactions between structures such as synovium, cartilage, menisci, synovial fluid, ligaments and subchondral bone. 5, 7, 21, 22 These anatomical structures are influenced by factors such as movement, loading, alignment, weight, age, hormonal influences, etc. It is evident that this complex environment must be rigorously regulated. Furthermore, metabolic control must be flexible because the external environment of the cells is not constant. 23 Studies of a wide range of organisms have shown that there are a number of mechanisms which control the physiological equilibrium, also referred to as homeostasis. Vogel 24 suggested that 'the crux of a feedback system is the ability to adjust what it does, depending on conditions outside itself, where those conditions include the result of its own actions. In a strictly mechanical and formal sense, it has self-awareness'. By normal joint homeostasis we mean the stable equilibrium of the synovium and cartilage matrix without inflammation in a well-functioning articulation. When joint homeostasis is disturbed, this equilibrium is changed and a myriad of intra-articular factors, such as inflammatory, molecular or cellular components, come into play.
Most patients have a long history of complaints before they seek treatment for their joint damage. For instance, effusion and pain indicate that some degree of synovitis and matrix degradation is present. The disturbed local environment provides a condition somewhat different from that in the undamaged, healthy joint.
We have tested the hypothesis that this altered environment constitutes a change in joint homeostasis which provides an explantation for the discrepancy between the promising in vivo and the variable clinical results. In the light of this hypothesis, the initial in vitro findings of Rodrigo et al 25 are of interest. They compared the effect of samples of synovial fluid from the knees of 25 patients with a fresh or old traumatic chondral defect in a chick limb-bud assay. Samples from 11 of 17 acutely injured knees stimulated chondrogenesis, four were inhibitory, and two showed no effect. Samples from six of eight chronically injured knees inhibited chondrogenesis; the other two stimulated chondrogenesis. They suggested that synovial fluid may contain factors which stimulate the healing of cartilage in the acute period after traumatic injury, but that this effect Figure 1d showing the margin of the cartilage defect and near perfect restoration of the surface of the subchondral bone and the tidemark of the cartilage.
may become inhibitory in chronic lesions. The full extent of altered joint homeostasis cannot be examined effectively in a controlled environment since these conditions only mimic part of the natural organism and not all of the intricate regulatory functions are reproduced. Following the approach suggested by our concept of joint homeostasis not only the damaged cartilage surface needs to be treated, but the entire joint has to be targeted in tissue-engineered regeneration. This implies addressing synovitis, meniscal damage, ligament stability, limb alignment and normalising metabolic activity. The establishment of a true biological joint reconstruction may be of great importance for a large patient population for whom currently there is no reliable treatment.
We hypothesise that late treatment of an old defect, which has initiated degeneration of cartilage and caused changes in joint homeostasis, will have a negative effect on the process of the repair of cartilage. To test this, we used a goat model and compared the outcome of repair from periosteal chondrogenesis. We examined three groups as follows: an untreated defect, a defect treated by early periosteal transplantation and a defect treated late when homeostasis was disturbed. The histological outcome of repair was correlated with the biochemical parameters of cartilage metabolism to identify a possible effect of metabolic alterations or altered joint homeostasis on the process of repair of the cartilage.
Materials and Methods
Experimental design. We used 21 six-month-old, female Dutch milk goats from a commercial vendor and kept them in group housing for a minimum of two weeks before surgery. They were aged between 5.9 and 6.5 months and weighed 20.7 to 23.9 kg. All experiments were approved and monitored by the institutional animal experimental Ethics Committee. In all animals a defect was made in the medial femoral condyle 26 (Fig. 1a) , and the contralateral knee was left untreated to serve as a control. Subsequently, the animals were randomised into one of three groups as follows: 1) No treatment. The defect was left untouched and natural healing was studied. Unrestricted weight-bearing and movement were allowed. 2) Early treatment. Cartilage repair in a knee with normal homeostasis was studied in which the fresh defect was immediately transplanted (Fig. 1b). 3) Late treatment. The defect was left untouched for a period of ten weeks with free weight-bearing allowed. After this period the cartilage scar was resected (Fig. 1c) and transplantation was performed identically to that in the previous group. All animals were killed ten weeks after transplantation. Operative technique. All animals received premedication with detomidinehydrocholoride (10 mg/kg). Subsequent induction of anaesthesia was achieved with thiopental (50 mg/kg) and anaesthesia was maintained throughout the surgical procedure on a Magill system with halothane 1% to 1.5% and a mixture of O 2 and NO 2 in a ratio of 1:2. Buprenorfinehydrochloride (0.15 mg daily) for relief of pain and antibiotic prophylaxis with amoxicillin (15 mg/kg) were given for a period of five days. A medial parapatellar exposure was used. After retracting the patella laterally, the medial femoral condyle was exposed. A standardised fullthickness cartilage defect of 0.8 × 0.5 cm was made in the Table I . Details of the macroscopic findings according to the criteria of O'Driscoll et al. [30] [31] [32] Five parameters were scored from 0 to 2 points for each knee of all animals in the three groups. The figures are the number of animals in a group which were given corresponding scores medial femoral condyle using a sharp tissue elevator (Fig.  1a) . The periosteal tissue was taken from the proximal, medial tibia using a standardised technique. [27] [28] [29] From the transplant thus acquired, a sample (2 × 10 mm) was sent for histological analysis to confirm the adequacy of the periosteal cambium layer in the transplant. The tissue transplant was sutured into the bottom of the defect with the cambium layer facing outwards into the joint using non-traumatic 3.0 resorbable vicryl sutures through predrilled bone tunnels (Fig. 1b) . Imaging studies. AP and lateral radiographs of the knee (15 msec/25 kV) were obtained before and immediately after operation and at intervals of five weeks during the study as well as at completion of follow-up to visualise the growth plate and generally detect postoperative complications as well as developing subchondral sclerosis. Macroscopic outcome evaluation. In order to quantify intraarticular adhesion, stiffening and the general appearance of the joint, all knees were scored using the macroscopic outcome parameters as described by O'Driscoll et al [30] [31] [32] ( Table I ). The in vivo parameters applied after completion of follow-up contain five categories within which individual values of 0 to 2 points were awarded. Biochemical assays. For biochemical analysis, cartilage explants were obtained from the weight-bearing articular surface surrounding the defect (Fig. 2) in a standardised fashion. 33 These explants were cultured individually in DMEM (D-MEM, Gibco 074-01600; 0.81 mM SO 4 2-; 24 mM NaHCO 3 ) supplemented with ascorbic acid (0.85 mmol/l), glutamine (2 mmol/l), penicillin (100 IU/ml), streptomycin sulphate (100 IU/ml), and 10% heat-inactivated, pooled female goat serum, on standard 96-well plates (200 µl culture medium/well, 37˚C, 5% CO 2 in air) according to previously published procedures. 33 The DNA content was determined as a measure of cartilage cellularity. Samples were digested in papain (2 hours; 65˚C). DNA was Table II . Details of the analysis data for the medial femoral condyle for the three study groups. Standardised sampling locations were used from both femur and tibia, lateral and medial (see Fig. 2 Diagrams of the harvest locations of cartilage samples for biochemical and histological analysis. Centrally (H), is the medial or lateral femoral region with the opposing tibial cartilage which was harvested for histological analysis and scoring to analyse the effect of cartilage damage and the outcome of repair. The surrounding tissue was harvested in a standardised sequence and samples distributed evenly into groups for biochemical (b) and histological analysis to determine the onset of early degeneration of the cartilage.
stained with fluorescent dye (Hoechst 33528) and measured using calf thymus DNA as a reference. 34 The proteoglycan content was determined by measuring the total amount of glycosaminoglycans (GAG). Those in the papain digest were precipitated and stained with Alcian Blue for subsequent photometric analysis. The GAG content was expressed as GAG normalised to the wet weight of the cartilage explants (mg/g) ( Table II) . The rate of synthesis of proteoglycans (PG) was measured by evaluation of the incorporation of sulphate after one hour of preincubation. We added 148 kBq NA 2 35 SO 4 2-(Dupont, NEX-041-H, carrier free) in 10 µl DMEM to 200 µl of incubation medium containing the explants. After four hours of labelling, the samples were digested in papain. GAGs were precipitated by adding cetylpyridinium chloride (CPC). The 35 SO 4 2-radioactivity was measured by liquid scintillation counting. The rate of incorporation was calculated from the specific activity of the medium and normalised to the wet-weight of the cartilage. Values were expressed in nmol of sulphate incorporated per hour per gram of cartilage wet-weight (nmol/h.g). Precipitation of Alcian Blue and scintillation counting determined the release of both the total amount and the newly synthesised PGs. Samples of cartilage were labelled with 370 kBq/200 µl of 35 S-sulphate as described above. After four hours of labelling, the samples were rinsed three times in fresh culture medium (37˚C) and incubated for a subsequent three-day period in the absence of label. The GAGs in the culture medium were precipitated with Alcian Blue. The total amount of GAG released was determined by spectrophotometric quantification of blue staining. The percentage release was calculated from the total amount of GAG released and the initial GAG content of the tissues. The amount of newly formed GAG released was (n = 7) (n = 7) (n = 6) (n = 6) (n = 6) (n = 6) (Figs 1d and 1e) . Generalised degeneration of cartilage, filling of the defects and appearance of the synovial tissue were scored using the criteria suggested by O'Driscoll (Table III) which have been previously validated for use. 35 Statistical analysis. In calculating the minimally required sample size we selected a 90% power at a significance level of 5% to detect a 30% difference in the means for the cartilage repair score. From previous experiments and literature the SD in this analysis was estimated to be 20%. Thus six animals were required and seven were included in each of the three study groups. The difference in macroscopic outcome variables (Table I, Fig. 3 ) between the control and experimental joints was compared between groups by repeated-measures ANOVA. A hierarchical repeated-measure analysis of variance was applied with Student-NewmanKeuls post-hoc testing to analyse the difference between means for the histological outcome scores (Table III) . A paired Wilcoxon test was used to determine potential significant differences between the control and experimental joint within treatment groups for the biochemical parameters of metabolism of PG.
Nature of predominant tissue
Cellular morphology Hyaline articular cartilage 4 7 0 6 3 6 0 Incompletely differentiated 2 0 2 0 1 0 2 Fibrous tissue or bone 0 0 5 0 2 0 4 Safranin O staining Normal or near normal 3 6 1 5 5 6 2 Moderate 2 1 2 1 1 0 2 Slight 1 0 2 0 0 0 2 None 0 0 1 0 0 0 0 Structural characteristics Surface regularity Smooth and intact 3 6 0 5 3 4 0 Superficial, horizontal lamination 2 1 1 2 3 2 3 Fissures, 25% to 100% of the thickness 1 0 5 0 0 0 2 Severe disruption or fibrillation 0 0 0 0 0 0 1 Structural integrity Normal 2 6 1 6 3 6 1 Slight disruption, including cysts 1 1 3 0 3 0 1 Severe disintegration 0 0 3 0 0 0 4 Thickness (related to normal cartilage
Results
General findings. Two animals were lost to follow-up on the day of the initial surgery because of anaesthesia-related, early postoperative complications (one in the 'early treatment' and one in the 'late treatment' group). Thus six animals remained for both periosteal transplantation groups and seven in the control group. All other animals recovered quickly and uneventfully from the anaesthesia and surgical procedure. Within four hours of surgery, the animals were able to walk with intermittent, partial weight-bearing on the operated hind leg. From the fifth postoperative day, normal weight-bearing was seen on all four legs. In some animals, a brief period of limping and effusion was noted between days 8 and 14, but there was no correlation with the experimental group. No fractures or other complications were noted on radiological examination. All defects caused radiologically visible alteration in the subchondral bone, most notably in the 'no treatment' group. Macroscopic evaluation of explanted knees. The contour of the articular surface was disturbed in both the 'no treatment' and the 'late treatment' groups with discoloration of the surface of the cartilage. An increased frequency of intra-articular fibrosis with decreased range of movement resulted (Table I, Fig. 3) . When comparing the difference within each animal for the score of the operated v the control joint there was a clear decrease (worsening) in the outcome of macroscopic repair for all groups (no treatment -6.1, early treatment -3.6, late treatment -5.4). The decrease of the score in the group in which the defect had been treated early was significantly less (p = 0.01) than that in the group which had not been treated, which suggests that there was better joint function after early treatment than when not treated. This was not the case in the joints treated late (p = 0.41). Biochemical analysis. The cartilage defects disturbed joint homeostasis by causing reproducible early osteoarthritic alterations in all groups. There was a differential pattern of significantly increased synthesis of PG (p = 0.018, Fig. 4) . This was most pronounced in the cartilage of the area surrounding the defect in the medial femoral condyle as well as Fig. 3 Graphs showing the considerable differences with a significantly (p = 0.01) larger decrease (worsening) score in the 'no treatment' (-6.1) and 'late treatment' (-5.4) groups as compared with the 'early treatment' group (-3.6). Furthermore, the standard deviation in the 'early treatment' group was lower than in the two other groups, which may suggest a more reliable process of articular surface repair. the opposing tibial surface, but was also present in the lateral joint compartment.
The total amount of synthesis of PG increased significantly and to a similar rate in all experimental groups (Table  II, Fig. 5 ). The release of GAGs from the matrix was significantly increased in the cartilage surrounding the 'no treatment' (p = 0.018) and 'late treatment' groups (p = 0.028), while no significant loss was found in the 'early treatment' group (Table II, Fig. 6 ).
There was a significant decrease in the total GAG content indicative of a loss of matrix integrity, in both the 'no treatment' group (p = 0.032) as well as the 'late treatment' group (p = 0.046, Table II, Fig. 7) . We found no significant increase in the release of GAGs nor was there a decrease in the total GAG content in the 'early treatment' group. Histological evaluation. Histological examination showed that all periosteal flaps contained an adequate cambium layer on transplantation into the bottom of the defect. Safranin O-Fast Green staining of control and experimental defects were used to quantify repair of cartilage using the O'Driscoll score. These sections showed normal values in control cartilage from the intact contralateral joints with a Histogram showing the PG synthesis by wet weight in the untreated defects, as determined by 35 SO 4 uptake studies. There is a significantly increased rate of synthesis in the surrounding cartilage after a standardised defect was made in the medial femoral condyle (sampling location, both femur (F) and tibia (T), either lateral (L) or medial (M); C, control; E, experimental; *, p ≤ 0.05; ns, p > 0.05). Histogram showing the rate of synthesis of PG in the cartilage of the medial femoral condyle surrounding the defect for each of the three treatment groups. There is a significant increase for all three groups. A similar effect was found in all locations in the medial tibia and in the lateral femoral compartment of the 'no treatment' and 'late treatment' groups (C, control; E, experimental, *, p ≤ 0.05). Histogram showing that in both the 'no treatment' and 'late treatment' groups there is a significant increase in the release of GAG for both newly formed and nascent GAGs from the medial compartment. There was no significant difference in the release of GAG in the group which was treated immediately (C, control; E, experimental; *, p ≤ 0.05; ns, p > 0.05).
Fig. 7
Histogram showing a significant decrease in the total content of GAG in the 'no treatment' and the 'late treatment' groups but not in the 'early treatment' group. This indicates a protective effect on matrix metabolic alterations of early intervention (C, control; E, experimental; *, p ≤ 0.05; ns, p > 0.05). Top row. Photographs showing histological sections of defects in the 'no treatment' group after ten weeks of followup (3 µm, Safranin O-Fast Green; ×200). Bottom row. Diagrams showing the location of the original defect. These two typical samples show that the defects in the cartilage which were left untreated either remained unchanged as on the left, or had some degree of filling with fibrocartilage or extruding cartilage from the normal cartilage rim as occurred on the right. Top row. Photomicrographs of defects in the 'early treatment' group (3 µm, Safranin O-Fast Green, × 200). Bottom row. Diagrams of the sections depicting the original defect. These two typical samples show how the fresh cartilage defect, which was treated early, showed a marked repair of the cartilage surface with a tissue resembling hyaline cartilage. There are some chondrocyte clusters and near normal PG staining throughout the matrix. Some remodelling of the subchondral bone is seen. Fig. 8c Top row. Photomicrographs of defects from the 'late treatment' group (3 mm, Safranin O-Fast Green × 200). Bottom row. Diagrams of the sections depicting the location of the original defect. These two typical samples from the 'late treatment' group show an identical full-thickness defect as in the previous groups, but treated after ten weeks of movement and loading on the previous superficial cartilage defect. There is irregular filling and hypertrophy of fibrocartilage with uneven staining of the matrix. Also, signs of delamination and sidewall fissures were seen more often than in the 'early treatment' group. median value of 24 (21 to 24) out of 24 points (Table III) . The defects in the 'no treatment' group did not heal and the median cartilage repair score was low at 12 (6 to 15) (Fig.  8a) . In the 'early treatment' group, the cartilage repair score was significantly higher (p = 0.001) with a median of 21.5 (16 to 24) (Fig. 8b) as compared with that in the 'no treatment' group. So-called fresh defects treated early showed reproducible formation of cartilage, with filling of the defect by cartilaginous tissue, some restoration of the tidemark and smoothing of the articular surface. There was a significant decrease in the cartilage repair score with a median of 14 (10 to 16) in the 'late treatment' group (p = 0.005), in which signs of surface irregularity, fibrillation, and loss of interface bonding, with considerable fibrous hypertrophy and more synovitis were present (Fig. 8c) . We found no significant difference (p = 0.12) between the defects treated late and those left untreated (Fig. 9) .
Discussion
The goat model has joint mechanics and a metabolic activity of cartilage which are comparable to those of man. Adolescent animals were chosen since at this age physical growth has ceased while maturation continues, and the anatomy of the knee allows for reproducible surgical technique as well as an adequate amount of material for subsequent analyses. 26 As described earlier, chondrogenesis declines with age. 14 We decided to use these relatively young adults with adequate periosteal chondrogenesis so that a reliable positive control group could be included in our study.
A defect of the cartilage in the medial femoral condyle resulted in reproducible early degenerative changes with significant histological and biochemical alterations. Using the macroscopic evaluation criteria described by O'Driscoll, we found a significant advantage of early treatment as compared with no treatment. This suggests that normal joint homeostasis is better retained with early treatment.
As an initial sign of matrix degeneration and disturbance of joint homeostasis we found a significant increase in the synthesis of PG in all groups. There was a decrease in the total GAG content, even as early as a few weeks after the initial injury. This was caused by the increased release of matrix components in the 'no treatment' and 'late treatment' groups, but not in the 'early treatment' group. Interestingly, the signs of early osteoarthritis were in part reversed in the 'early treatment' group in which the cartilage defect was treated immediately. This creates the suggestion of a protective effect from early treatment. Metabolic alterations in the 'early treatment' group were considerably less than in the other groups. This may indicate that early restoration of the defect may allow the prevention of the degradation of cartilage and subsequently provide an intra-articular environment more beneficial for the formation of cartilage. We selected short-term follow-up periods (10 and 20 weeks) since we wished to monitor early derangement of the metabolism of the matrix and to determine if there was a negative effect on the formation of cartilage. This is warranted since there is no scientific evidence for good repair at the long-term follow-up when the shortterm follow-up is poor.
In the presence of disturbed joint homeostasis, the formation of cartilage was significantly decreased and the outcome of tissue engineering became insufficient. The histological findings in our 'no treatment' group are in line with the data from Jackson et al 26 on the natural healing of goat defects and reconfirm that such cartilage defects do not repair spontaneously. Furthermore, there was no significant difference between the untreated defects and the defects which were treated late. The 'early treatment' group showed considerable restoration of the joint surface as demonstrated by the O'Driscoll cartilage repair scores. Our normal cartilage, untreated defects and early treated defects have scores which are comparable with data from cartilage repair studies by van Susante et al 36, 37 and Driesang and Hunziker 38 and Niederauer et al. 39 We therefore conclude that a disturbed intra-articular environment negatively influences the formation of cartilage. These findings support our hypothesis that the metabolic aspects of joint homeostasis influence cartilage formation. This is of importance for at least three reasons. First, most, if not all, patients currently treated by these methods are known to have had a cartilage defect for a longer period of time and thus cartilage degeneration is present. Our results suggest an explanation for the discrepancy between the positive results of experimental repair in healthy joints and the as yet less favourable clinical results. However, many questions remain. For instance, what can we learn from a comparison between the long-term results of early Histogram showing the difference in the O'Driscoll semi-quantitative cartilage repair scores between the control and experimental joint for each of the 'treatment' groups. This clearly demonstrates that 'no treatment' results in insufficient repair and that the tissue engineering outcome is not successful in the 'late treatment' group, resembling the clinical condition. The 'early treatment' group shows much better results, similar to those presented by other authors. treatment and late treatment and how do joints respond to pretreatment? The need for the ongoing investigation of these effects is apparent.
Secondly, these findings indicate that there should be a radical change in our treatment of these patients. We propose that clinical studies should be investigated to compare prompt intervention by tissue engineering with current treatment. Immediate diagnosis and treatment after the occurrence of a cartilage defect may offer an opportunity to improve results. Alternatively, we should determine methods of modulating joint homeostasis to create an environment more permissive for chondrogenesis before the application of a tissue-engineering strategy.
Finally, but not less importantly, these data reiterate the relevance of using appropriate animal models. The results of our study suggest that the evaluation of tissue-engineering techniques should be done using models of cartilage repair comparable to those of the clinical situation. The sole investigation of fresh defects in healthy joints should not be considered to be of any predictive value for the success of the clinical implementation of the technique studied.
